Vaccinia virus (vv) early transcription can be reconstituted in vitro from purified virions; in this assay mRNAs are made inside the viral core and subsequently extruded. Although the in vitro process has been extensively characterized, relatively little is known about vv early transcription in vivo. In the present study the fate of vv early mRNAs in infected HeLa cells was followed by BrUTP transfection and confocal and electron microscopy. The extruded vv early mRNAs were found to be organized into unique granular cytoplasmic structures that reached a size up to 1 m. By EM these structures appeared as amorphous electron-dense cytoplasmic aggregates that were surrounded by ribosomes. Confocal images showed that the RNA structures were located some distance away from intracellular cores and that both structures appeared to be aligned on microtubules (MTs), implying that MT tracks connected mRNAs and cores. Accordingly, intact MTs were found to be required for the typical punctate organization of viral mRNAs. Biochemical evidence supported the notion that vv mRNAs were MT associated and that MT depletion severely affected viral (but not cellular) mRNA synthesis and stability. By confocal microscopy the viral mRNA structures appeared to be surrounded by molecules of the translation machinery, showing that they were active in protein synthesis. Finally, our data suggest a role for a MT and RNA-binding viral protein of 25 kDa (gene L4R), in mRNA targeting away from intracellular cores to their sites of cytoplasmic accumulation.
INTRODUCTION
Vaccinia virus (vv) is the prototype member of the poxviruses containing a DNA genome of around 190 kb that encodes for Ͼ200 proteins. Vv DNA replication occurs in the cytoplasm of infected cells, rather than in the nucleus, and accordingly, the viral genome encodes for factors required for both cytoplasmic transcription as well as DNA replication (Moss, 1996 (Moss, , 1990 .
The vv cytoplasmic life cycle is initiated upon virion entry, a process in which the particle loses its membranes at the plasma membrane and delivers the core containing ϳ100 proteins into the cytoplasm. Within 20 min of infection from these cores a defined set of "early mRNAs" is made, in which about half the genome is transcribed. This expression of early genes is required to initiate the subsequent process of DNA replication, starting from ϳ2 h postinfection. DNA replication triggers the transcription of late genes, late proteins being required for the assembly of new virions starting at ϳ6 h postinfection. During virion assembly, a double-membraned cisterna derived from the smooth ER (sER) is wrapped around the viral genome to make the first infectious form of the virus, the brick-shaped intracellular mature virus (IMV; Sodeik et al., 1993) . A second infectious form is generated when the IMV becomes enwrapped by membranes of the trans-Golgi network to form the extracellular enveloped virus (EEV; Schmelz et al., 1994) During virion assembly, late in infection, the enzymes required for the process of cytoplasmic vv early transcription are packaged into the particle (Gershon and Moss, 1990) . Although transcriptionally inactive during assembly, the enzymes become activated upon viral entry when the core ends up in the cytoplasm. One consequence of the fact that the enzymes required for vv early transcription are contained in the virions is that vv early mRNA synthesis can be reconstituted in vitro; incubation of purified virus with a mixture of detergent to disrupt the membrane, a reducing agent, Mg 2ϩ , and nucleotide triphosphates results in the production from vv cores of early mRNAs that are similar to those made early in infection (Kates and Beeson, 1970; Cooper and Moss, 1978; Pelham et al., 1978) . This in vitro assay has enabled to study the molecular aspects of vv early transcription in detail (see e.g., Moss, 1990 Moss, , 1991 . Pioneering in vitro work by Kates and Beeson (1970) showed biochemically that mRNAs are first made inside the core and then released through (hypothetical) exit sites, extrusion from the core requiring the hydrolysis of ATP. It is generally assumed that in infected cells vv early mRNAs are also made inside the core from which they are subsequently extruded (see e.g., Metz et al., 1975) . Despite the vast knowledge on the molecular requirements of vv transcription in vitro, relatively little is known about this process in the infected cell, in particular about the fate of the early mRNAs once extruded from the core. Biochemical studies have shown that viral early messengers are bound to polyribosomes in infected cells (Jeffert and Holowczak, 1971; Metz et al., 1975) .
We have recently characterized the intracellular cores as they occur early in infection by analyzing their composition both biochemically and morphologically (Pedersen et al., 2000) . In that study, intracellular cores accumulated in the presence or absence of the transcription inhibitor actinomycin D (act D) were compared. The data indicated that the outer surface of the core is composed of the proteins 4a/4b (genes A10L and A3L) as well as p39 (A4L), whereas the interior of the core contained the genome as well as the putative DNA-binding protein p25 (L4R). In the absence of act D, however, labeling for p25 as well as for the DNA was gradually lost from the remaining 4a/4b-and p39-containing core shell, before the latter was eventually degraded.
In mammalian cells, transcription as well as mRNA processing occur in specific regions of the nucleus (Lamond and Earnshaw, 1998; Lewis and Tollervey, 2000; Misteli, 2000) . For translation, they leave the nucleus through the nuclear pores and associate with polyribosomes in the cytoplasm. These polysomes may associate with the rough ER for the cotranslational insertion of membrane proteins or for the translocation into the lumen of that organelle of secreted proteins. Alternatively, mRNAs encoding for cytoplasmic proteins may be bound to the cytoskeleton. The cytoskeletal element with which mRNAs associate depends on the species and the origin of the cell type. In Drosophila and Xenopus oocytes as well as in mammalian neuronal cells, microtubules (MTs) are generally required for the proper targeting of specific mRNAs. In contrast, in fibroblasts as well as in budding yeast, mRNAs appear to require actin for their localization (Wilhelm and Vale, 1993; Hesketh, 1996 ; for reviews see Hazelrigg, 1998; Oleynikov and Singer, 1998; Jansen, 1999) .
Cytoskeletal-bound mRNAs may organize into supramolecular complexes, which by immunofluorescence (IF) microscopy appear as granular structures. The latter not only contain mRNAs but also RNA-binding proteins, and proteins involved in translation as well as proteins required for RNA targeting, which regulate cytoskeletal binding and/or transport (reviewed in Jansen, 1999) . Studies on the localization of viral mRNAs have shown that these can also bind to the cytoskeleton (Lenk and Penman, 1979; van Venrooij et al., 1981; Bonneau et al., 1985) . In some cases viral infection has been shown to lead to the release of cellular messengers from the cytoskeleton in favor of the binding of viral mRNAs. Because cytoskeletal association may be required for mRNA-stability as well as for their efficient translation (Jansen, 1999) , release of cellular mRNAs from the cytoskeleton could then facilitate viral induced host protein synthesis shut-off.
In the present study we have followed the fate of vv early mRNAs in infected HeLa cells. We show that soon after synthesis, the viral messengers move away from the viral cores and organize into discrete granular structures. MTs are required for their granular organization as well as for efficient transcription and translation of the viral mRNAs. The current data suggest a likely role for the viral protein p25 (L4R) in targeting of the mRNAs to the granular structures.
MATERIALS AND METHODS

Chemicals
All chemicals were purchased from Sigma (St. Louis, MO) except for nocodazole (Calbiochem, San Diego, CA) and latrunculin A (Lat A; Molecular Probes, Eugene, OR).
Cell Culture and Virus Preparation
HeLa cells were grown essentially as described by Sodeik et al. (1993) . The cells were treated with 10 M nocodazole for 1 h or with 1 M Lat A for 20 min at 37°C. Unless indicated differently, nocodazole was added 1 h before infection and left throughout infection. Puromycin (30 g/ml) and cycloheximide (25 g/ml) were added 30 min before fixation. The vaccinia virus strain WR was propagated in HeLa cells and semipurified as described (Pedersen et al., 2000) .
Metabolic Labeling
Infected HeLa cells, nocodazole-or mock-treated, were labeled with 50 Ci/ml [ 35 S]methionine or [ 3 H]uridine (NEN-Du Pont, Boston, MA) in DMEM/5% FCS for 30 min at 37°C. After the incubation the cells were washed and collected in cold PBS in Eppendorf tubes. The cells were lysed in lysis buffer (50 mM HEPES, pH 6.9, 100 mM KCl, 1 mM DTT, and 0.5% NP-40), and the amount of protein was measured with the use of a Bio-Rad protein-assay (Bio-Rad, Hercules, CA). For the uridine incorporation, 100 U/ml RNase inhibitor (Promega, Madison, WI) was added to the lysis buffer. A similar amount protein contained in each sample corresponding to 0.5 OD 595 was TCA precipitated on 3M paper (Minneapolis, MN), and the radioactivity was determined by liquid scintillation counting.
Light Microscopy Assay
Cells (1.5 ϫ 10 5 ) were grown on 11-mm-diameter round coverslips in 24-multiwell dishes. After 16 h the cells, in exponential growth phase, were washed twice in serum-free DMEM and infected with WR for 15 min at 37°C at multiplicity of infection (MOI) of 50. After infection, the cells were washed and lipofected (Lipofectin reagent; Life Technologies-BRL, Gaithersburg, MD). Briefly, 10 mM of 5Ј-bromouridine 5Ј-triphosphate (BrUTP; Sigma) or 2 g of an antisense oligonucleotide corresponding to the H5R gene (2Ј-O-methylated, 5Ј-GCCAUCUUUGUGAAACUAGUAUC-3Ј) coupled to four biotin moieties was preincubated for 30 min in 30 l of transfection medium containing 3.7 l of lipofectin. The samples were diluted in 300 l of transfection medium and added to the cells in presence of 5 g/ml act D. After 1-h incubation, the cells were extensively washed and incubated in complete culture medium containing 5 mM hydroxyurea (Sigma) and fixed at the indicated times post-act D washout. In one control experiment a biotinylated antisense oligo to snRNA U1 (a subunit of the spliceosome) identical to the one published previously (Carmo-Fonseca et al., 1991) was also lipofected into infected cells.
Antibodies, Immunofluorescence, and Electron Microscopy
The following antibodies were obtained from commercial sources: anti-BrU (Harlan Sera-Lab, England), anti-␤-tubulin (Amersham International, Amersham, UK), and anti-actin (Sigma). The antibodies against vaccinia proteins p25 (L4R) were raised in rabbit with the use of the corresponding GST-tagged proteins. The antibody to p39 (A4L; a kind gift of Mariano Esteban; Maa et al., 1990) , anti-EF1␣ was a kind gift of George Janssen, IF4 E was a kind gift of Martina Muckenthaler. Cells were fixed for 15 min in 3% paraformaldeyde and washed three times in PBS containing 40 mM glycine. The cells were permeabilized in 0.1% Triton X-100 (TX-100) for 1 min, and the coverslips were blocked in a solution containing 2% FCS, 2% BSA in TBS (20 mM Tris-HCl, pH 7.5, 154 mM NaCl, 2 mM EGTA, 2 mM MgCl 2 ) for 30 min. When indicated, the cells were Triton-extracted before fixation in 0.1% TX-100 in PHGM buffer (60 mM PIPES, pH 6.8, 25 mM HEPES, 2.5 mM Mg-acetate, 1 mM EGTA) for 2 min and fixed in 3% paraformaldeyde in PHGM buffer. Fixed cells were processed for immunofluorescence and analyzed by confocal microscopy (LSM 510; Zeiss, Jena, Germany). Image analysis of the total fluorescence was performed by NIH image 1.62. For electron microscopy (EM) localization of BrUTP-labeling, cells were grown overnight in a 6-cm dish. They were subsequently infected and lipofected with BrUTP as described for the light microscopy assay. Before fixation cells were TX-100 extracted for 2 min at room temperature. Fixed cells were prepared for cryosectioning as described (Griffiths, 1993) . Epon embedding was according to Tilney et al. (1998) . Briefly, uninfected cells and cells infected for 2 h in the presence of hydroxyurea were washed once with PBS and then fixed for 45 min at 4°C, in 1% glutaraldehyde and 1% osmium in phosphate buffer, pH 7.4. They were then washed extensively with water before dehydration in ethanol and overnight incubation at 4°C in the dark in uranyl acetate in 70% ethanol followed by Epon embedding as described in Griffiths (1993) .
Cell Fractionating, RNA Isolation, and RNase Protection Assay
HeLa cells, infected or mock infected, were fractionated, at 2 h postinfection, as described (Cervera et al., 1981) . Briefly, cells were washed with PBS and treated with extraction buffer (10 mM PIPES, pH 6.8, 100 mM KCl, 2.5 mM MgCl 2 , and 0.1% TX-100) at 4°C for 1 min and washed once with the same buffer without Triton. The material obtained under these condition was referred to as the soluble fraction. The cell remnants were scraped in cold cytoskeleton buffer (20 mM HEPES, pH 7.5, 0.5 M NaCl, 30 mM Mg-acetate, 0.5% deoxycholate, and 1% Tween-20), collected in Eppendorf tubes, and left for 5 min on ice. The suspension was passed through a low-gauge needle and centrifuged for 5 min at maximum speed. The recovered supernatants were referred to as the soluble fraction. Both fractions were treated with 200 g/ml proteinase K in 0.5% SDS for 30 min at 37°C. The RNAs were purified by multiple round of phenol/chloroform (v/v 1:1) extractions and ethanol precipitated.
For the RNase protection assay 20 g of total RNA was incubated in 20 l of hybridization buffer (80% deionized formamide, 40 mM PIPES, pH 6.8, 400 mM NaCl, 5 mM EDTA, pH 8.0) containing 5000 cpm/ml [␣- 32 P]UTP-labeled specific probe. The samples were incubated at 85°C for 5 min and the hybridized at 54°C for 5 h. Subsequently, the samples were treated with RNase A buffer (10 mM Tris, pH 7.5, 5 mM EDTA, 300 mM NaCl, and 10 mg/ml RNase A; Boehringer Mannheim, Mannheim, Germany) for 30 min at 30°C. After proteinase K treatment (5 g/ml proteinase K, 0.5% SDS, 100 mM Tris, pH 7.5, for 30 min at 37°C) to inactivate RNase A activity, 5 g of tRNA (Boehringer Mannheim) was added, and the samples were extracted twice with phenol/chloroform and ethanol precipitated. After centrifugation the pellet was resuspended in loading buffer (80% formamide, 0.5% bromophenol blue, 0.25% xylene cyanol, 10% glycerol), boiled, and loaded on a denaturing gel (7 M urea, acrylamide:bis acrylamide [30:1] in 0.5ϫ Tris-Borate-EDTA). Gels were dried and autoradiographed. The evaluation of the protected RNA was performed by phosphoimager. The ribo-probe was prepared with the use of the "Riboprobe In Vitro Transcription System" (Promega), as indicated by the manufacturer.
Polyribosome Sucrose Gradients and Northern and Western Blotting
For the Northern blotting, 20 g of total RNA, purified as described above, was separated by electrophoresis on 1.2% agarose gel containing 0.4 M MOPS, pH 7.0, and 0.66 M formaldehyde and transferred onto GeneScreen Plus membrane (NEN-Du Pont). The RNA blots were hybridized with H5R and ␤-actin probes [␣- 32 P]ATP that were labeled by random priming (Promega) according to the manufacturer's instructions. The hybridization was performed in 1 M NaCl, 10% dextran sulfate, 1% SDS, 100 g/ml sonicated salmon sperm DNA (Sigma), containing 1 ϫ 10 6 cpm/ml probes at 60°C overnight. The blots were washed in 2ϫ SSC and 1% SDS at the same temperature, followed autoradiography. The densitometric evaluation was performed by phosphoimager. For the Western blotting, 30 g of total proteins was separated by SDS-PAGE with 12% resolution gel and 4% stacking gel. Samples were incubated in Laemmli sample buffer (1% SDS, 0.5% ␤-mercaptoethanol) at 95°C for 5 min. The gels were transferred to nitrocellulose membranes for immunoblotting with the use of a Bio-Rad semidry blotting system. The membranes were blocked in PBS, 0.2% Tween 20, and 5% milk powder for 2 h before incubation with anti-␤-tubulin or anti-␤-actin antibodies followed by horseradish peroxidase-tagged goat antimouse antibody (Bio-Rad). Proteins were detected by enhanced chemiluminescence (ECL; Amersham). The detection of mRNAs associated with polyribosomes was done as described (Korner et al., 1998) . Briefly, 5 ϫ 10 9 HeLa cells were infected for 90 min as described above. Ten minutes before harvesting, the cells were treated with 10 g/ml cycloheximide (CX; Sigma). They were then washed with cold PBS containing CX and lysed for 10 min on ice in 0.5 ml of buffer (10 mM HEPES, pH 7.2, 0.15 M KCl, 10 mM MgCl 2 , 20 mM DTT, 0.5% NP-40, 150 g/ml CX, and 100 U/ml RNasin; Promega). The lysates were centrifuged for 10 min in an Eppendorf centrifuge at 4°C. The supernatant was adjusted to 0.25 M KCl and layered on top of a 11-ml 10 -40% sucrose gradient (in 20 mM HEPES, pH 7.2, 0.25 M KCl, 10 mM MgCl 2 , 20 mM DTT, 150 g/ml CX) and centrifuged for 135 min at 32,000 rpm in a Beckman SW41 Ti rotor (Fullerton, CA) at 4°C. The gradient was fractionated in 24 fractions, and the polyribosomes profile was monitored by measuring the adsorbance at 254 nm. The RNA in each fraction was extracted as described for the Northern blotting procedure and then analyzed with a specific probe to H5R mRNA. To disintegrate polyribosomes, cells were either incubated with 100 g/ml puromycin 1 h before lysis or the cell-lysate was treated with 25 mM EDTA before centrifugation. In the latter case the sucrose gradient also contained 25 mM EDTA.
RESULTS
After Synthesis, vv Early mRNAs Organize into Discrete Granular Structures
The following light microscopy assay was established to follow the fate of vv early mRNAs in infected HeLa cells. HeLa cells were infected with vv and subsequently lipofected with BrUTP. Because BrUTP-liposome uptake has been shown to peak within 30 -60 min (Haukenes et al., 1997) , infected cells were transfected for 1 h in the presence of the transcriptional inhibitor act D, after which the drug was washed out to allow a synchronized incorporation of BrU into (viral) mRNAs. On act D washout, an inhibitor of viral DNA replication was added, in order to restrict our observations to viral early transcription, independently of viral DNA synthesis and all subsequent stages of the vv life cycle. Infected and lipofected cells were fixed at various times after removal of act D. In all subsequent morphological experiments the time postinfection thus refers to the time after act D washout. BrU-labeled RNAs were visualized by confocal microscopy with the use of an antibody to BrU that also recognizes BrU.
A representative time course is shown in Figure 1 . Early in infection (30 min postinfection) a diffuse BrU pattern was seen in infected cells ( Figure 1A ), but from 45 min postinfection onward the labeling began to assemble into distinct punctate structures ( Figure 1B ). At 60 and 120 min postinfection ( Figure 1 , C and D) the labeling was predominantly associated with such granular structures, which reached a size up to ϳ1 m. No such cytoplasmic labeling was observed in uninfected BrUTP-transfected cells; instead, at 2 h after act D washout the nucleus was heavily labeled ( Figure  1E ). In contrast, in infected cells no nuclear BrU labeling was observed initially, but at later times a faint punctate nuclear labeling was consistently seen ( Figure 1D ). These data suggest that cellular transcription was mostly switched off, but some nuclear (cellular) transcription may still occur (see DISCUSSION) .
To demonstrate that the BrU labeling corresponded to viral mRNAs, the following control experiments were performed. First, infected cells were cotransfected with BrUTP and a biotinylated antisense RNA-oligonucleotide overlapping with the first 32 nucleotides of the 5Ј end of H5R mRNA, an early/late vv gene. Infected and transfected cells were then double-labeled with anti-BrU and avidin-FITC. Figure 2 , A-C, shows that the BrU-and the H5R oligonucleotide-labeling almost completely overlapped, confirming that the BrU pattern corresponded to viral mRNA localization in the cytoplasm of infected cells. Second, infected cells were cotransfected with BrUTP and an antisense oligo to a snRNA U1, a subunit of the spliceosome. When microinjected, the same antisense oligo has been shown before to localize throughout the nucleus, excluding the nucleoli (Carmo-Fonseca et al., 1991) . On cotransfection of BrUTP and the U1 antisense oligo in vv-infected cells the former labeled typical cytoplasmic punctate structures, whereas the latter localized to the nucleus, seemingly excluding the nucleoli (Figure 2 , D-F).
These combined results made us confident that the BrU labeling in infected cells corresponded to the sites of viral early mRNA accumulation. Moreover, the time course of act D washout showed that after their synthesis, viral mRNAs become organized into distinct cytoplasmic structures that could reach 1 m in size.
The Sites of mRNA Accumulation Are Distinct from Intracellular Cores
We next decided to compare the location of the RNA structures with the localization of the core, a rather robust brickshaped structure that can survive in infected cells for many hours. For this we used an antibody to p39 (gene A4L), a protein that is associated with the surface of intracellular cores (Pedersen et al., 2000) . By IF microscopy this antibody labeled intracellular cores only but not extracellular virions that remained attached to the plasma membrane . On double-labeling, no colocalization between the BrU-labeled mRNAs and intracellular cores was observed by IF (Figure 3, A-C) . Instead, the sites of vv mRNA accumulation appeared to be some distance away from the intracellular cores.
The absence of colocalization between the core and RNA labeling might indicate that in infected cells viral transcription happened (perhaps exclusively) outside the core or the amount of mRNAs accumulated inside the cores was too low to be detected. Alternatively, core-associated mRNAs were not accessible to antibody labeling by IF. The latter possibility was addressed by EM. Initially, cryosections were prepared from infected and BrUTP-transfected cells fixed and processed in a standard way, but no specific labeling could be detected on such sections. Significant labeling was, however, obtained when the cells were extracted with TX-100 before fixation. Abundant labeling was detected inside intracellular cores, on structures next to the core as well as some distance away from the core (Figure 4 , A-C). They appeared as rather amorphous structures that on cryosections were difficult to recognize without antibody labeling, because their electron density was barely different from the surrounding cytoplasm ( Figure 4 , B and D). Furthermore, they did not appear to be associated with intracellular membranes, but because the cells were triton-extracted before fixation, this point could not be unequivocally addressed on cryosections. Therefore, cells infected in the same way but without BrUTP transfection were prepared for Epon embedding. A fixation protocol was chosen that highly extracts the cytosol (Tilney et al., 1998 ; see MATERIALS AND METHODS), because we expected that in conventionally fixed cells we would not be able to distinguish the mRNA structures from the surrounding cytoplasm. Epon embedding cannot usually be combined with antibody labeling, which made it difficult to unequivocally identify the viral mRNAs. Nevertheless, in infected cells but not in uninfected cells, we observed electron-dense cytoplasmic structures, apparently lacking a membrane, of ϳ0.3-1 m in diameter, close to or also some distance away from intracellular cores ( Figure 4D ). The occasional presence of cores close by and their size and structure as well as their absence in uninfected cells made us confident that they represented the mRNA structures labeled with anti-BrU on cryosections.
Moreover, they appeared to recruit ribosomes, indicating that they might be active in protein translation (see also below).
The combined data suggest that in infected cells vv transcription starts in the intracellular cores, from which the messengers are subsequently extruded and transported to discrete sites.
Microtubules Connect Cores and Viral mRNAs and Are Required for the Organization of the Latter
Cytoplasmic mRNAs are commonly bound to either the rough ER or to the cytoskeleton. It was therefore likely that the vv mRNA structures might also be associated with either membranes or with the cytoskeleton. When cells were extracted with TX-100 before fixation, the vv mRNA structures as well as intracellular cores appeared entirely unaffected, suggesting that both were associated with the cytoskeleton (see below).
To address this issue in more detail, infected and BrUTPtransfected cells were fixed at 2 h postinfection and doublelabeled with anti-BrU and either anti-tubulin ( Figure 5A ) or rhodamine-phalloidin (unpublished results). Although no colocalization was seen between actin and the vv mRNA labeling (unpublished results), the viral messengers did seem to follow MT tracks ( Figure 5A ; see also below). Because the above data suggested that viral mRNAs are made inside intracellular cores and then move to distinct sites where they accumulate, we asked whether cores might also be associated with MTs and that this cytoskeletal element thus connected both structures. Indeed, upon double-label- ing with the core protein p39 and anti-tubulin, cores could be observed to be aligned on MT tracks ( Figure 5A ).
We next tested whether MTs were required for the biogenesis of the distinct punctate vv mRNA structures seen by fluorescence at 60 -120 min postinfection. Infected HeLa cells were treated with nocodazole before BrUTP transfection and fixation at 2 h postinfection. Whereas in control cells the viral mRNAs organized into the typical pattern shown in Figure 1D (unpublished results), in the presence of the drug a diffuse BrU pattern was observed, indicating that the mRNAs failed to organize in to the typical punctate structures ( Figure 5B) . As a control, the same experiment was also conducted in the presence of Lat A, a drug that binds to G-actin and appears to be a more potent actindepolymerizing agent than cytochalasin D (Ayscough, 1998) . Under these conditions the mRNA structures were not affected and developed in the same way as without drug treatment ( Figure 5B) .
To demonstrate in a more quantitative manner that the viral mRNA structures associated preferentially with MTs, the following experiment was performed. Cells were infected and transfected as usual, but before fixation the cells were incubated with TX-100 to extract molecules and subcellular components that are not bound to the cytoskeleton. Parallel sets of cells were treated with either nocodazole or with Lat A 20 min before TX-100 extraction to test whether the viral mRNA structures might be bound to MTs or to actin. After labeling with anti-BrU, the number of typical BrUTP-positive structures in transfected cells was subsequently counted in untreated or drug-treated cells. The table in Figure 5B shows that nocodazole treatment resulted in a dramatic decrease in the average number of structures per cell, whereas in the presence of Lat A this number was similar to the untreated control cells. Finally, the integrity of the newly formed mRNA structures was also dependent on intact MTs. When the mRNA structures were first allowed to organize and nocodazole was then added, the structures apparently disintegrated, because under these conditions the BrU labeling was diffuse rather than organized (unpublished results).
These combined data strongly suggest that both intracellular cores and the sites of viral mRNA accumulation are associated with MTs, implying that both these structures are connected by this cytoskeletal element (see DISCUSSION).
Biochemical Evidence for the MT Association of Viral mRNAs
The putative association of viral mRNAs with MTs was further investigated with the use of an RNase protection assay. In this assay total mRNA is isolated from cells, the mRNAs of interest are hybridized to a 32 P-labeled probe specific for these messengers, and unhybridized RNA is subsequently digested by RNase A treatment. The 32 P-labeled protected fragment can then be used to quantify the amount of specific mRNAs contained in the sample. To determine whether viral mRNAs were bound to the cytoskeleton, infected cells were either mock-treated or treated with nocodazole or Lat A to depolymerize MTs or actin filaments, respectively. The cells were then extracted with detergent and divided into a detergent-resistant fraction, containing cytoskeletal elements, and a soluble fraction, containing mostly soluble proteins (see MATERIALS AND METHODS). However, initial Western blot analyses showed that Lat A treatment not only led to depolymerization of actin, but the drug also resulted in substantial amounts of tubulin shifting from the detergent-insoluble pool into the soluble fraction (unpublished results). Apparently, concentrations of Lat A that were required to depolymerize all F-actin also resulted in substantial depolymerization of MTs. To circumvent this problem, the Lat A treatment was subsequently done in the presence of a low concentrations of taxol to stabilize MTs. Under such conditions Western blot analysis using antibodies to actin or tubulin confirmed that both cytoskeletal elements were predominantly contained in the insoluble (detergent) fraction in untreated cells, whereas treatment of cells with Lat A (together with taxol) or nocodazole resulted in depolymerization of the majority of actin or MTs, respectively ( Figure 6C ).
To determine whether mRNAs were bound to the cytoskeleton, total RNA was subsequently extracted from the detergent-soluble and -insoluble pools, and specific mRNAs subjected to the RNase protection assay. As a representative probe for vv early mRNAs, we again used the H5R mRNA that, as shown above, localizes to the RNA-containing gran- ular structures. A probe to ␤-actin mRNA, an mRNA that has been shown to be bound to actin in HeLa cells (Sundell and Singer, 1991) , was used as a control.
Most of H5R mRNA (73%) appeared to be cytoskeletalbound, and this pool was almost entirely released into the soluble fraction (96%) after treatment with nocodazole (Figure 6A) , consistent with a association of this viral messenger with MTs. In contrast, the majority of the viral mRNAs remained bound to the cytoskeleton upon Lat A treatment ( Figure 6A) . Finally, when ␤-actin mRNA was subjected to the same analysis in infected cells it behaved as expected, because it was released into the soluble fraction after Lat A (but not nocodazole) treatment, confirming its association with actin filaments ( Figure 6B ).
In conclusion, both the immunofluorescence data as well as the RNase protection assay show that in infected cells the viral mRNAs are bound to MTs.
Microtubules Are Important for Viral but not for Cellular mRNA Metabolism
An alternative approach to address the role of MTs in viral mRNA organization was to test whether MT depolymerization had any effect on viral and cellular mRNA synthesis and on mRNA turnover. Indeed, nocodazole treatment affected RNA and protein synthesis in infected, but not in uninfected cells ( Figure 7A ) because in MTdepleted infected cells the incorporation of [ 3 H]uridine was decreased by Ͼ50% and the rate of protein synthesis by more than twofold compared with untreated control cells ( Figure 7A ).
MT depletion also affected viral (but not cellular) mRNA turnover. This was shown by isolating mRNAs from infected and nocodazole-treated cells at different times after act D addition to prevent further RNA synthesis, followed by Northern blots with the use of probes to H5R and to ␤-actin mRNA. Quantitation of such blots showed that after 1 h of chase Ͼ90% of the H5R mRNA was degraded, whereas ␤-actin mRNA was mostly unaffected ( Figure 7B) .
The collective data thus show an important role for MTs in the anchoring, organization and in the stability of vv early mRNAs. In contrast, as shown before, cellular mRNAs, represented by ␤-actin mRNA, likely require actin for anchoring and stability and remained actin-associated during infection. Consequently, the stability of this mRNA appeared unaffected in infected cells, both in the presence or absence of intact MTs (see DISCUSSION). 
The Viral-induced Granular Structures Are Surrounded by Components of the Translation Machinery, and Viral mRNAs Associate with Polyribosomes
The typical organization as well as the association with microtubules of the viral mRNAs showed striking similarities to the mRNA localization in cultured oligodendrocytes. In these cells mRNAs also appear as granular structures that are bound to and move on MTs. Moreover, these mRNAcontaining structures have been shown to contain components of the translation machinery (Barbarese et al., 1995) .
We therefore investigated whether the viral mRNA structures might be organized in a similar way. For this, infected and BrUTP-transfected cells were double-labeled with antibodies to BrU and to proteins involved in translation.
In uninfected cells antibodies to elongation factor 1␣ (EF1␣) showed a punctate cytoplasmic pattern (unpublished results). In infected cells this pattern was mostly unchanged. However, we noticed that the protein was additionally recruited to the viral mRNA structures and seemed to surround the viral BrU-positive spots, while being absent from the central, RNA-containing part ( Figure 8A ). The labeling for EF1␣ around the viral mRNAs displayed a characteristic dotted pattern, typical of polyribosomes. To test whether this pattern represented ribosomes, cells were treated with puromycin before fixation (as well as with cycloheximide as control) to release ribosomes from the mRNAs. As expected, in puromycin-but not in cycloheximide-treated cells (unpublished results), the typical punctate pattern of EF1␣ around the mRNAs was lost, and the protein now displayed a diffuse rather than punctate cytoplasmic pattern ( Figure  8A) .
A different labeling was observed with antibodies to initiation factor 4E, a protein that binds to the 5Ј RNA cap and mediates ribosome binding (Sonenberg et al., 1978) . As expected for a protein that is not abundantly expressed, the labeling for IF4E was barely detectable in uninfected cells and appeared as a faint cytosolic background labeling (Figure 8B) . In infected cells, however, IF4E was apparently recruited to and concentrated in the viral mRNA structures because the antibody displayed distinct labeling that completely overlapped with the BrU-positive structures ( Figure  8B) .
As an independent proof that the viral mRNAs indeed associated with polyribosomes, cell lysates of infected cells were subjected to polyribosome sucrose-gradients to separate (viral) mRNAs associated with monoribosomes and polyribosomes. After fractionation of such gradients, each fraction was subjected to Northern blots with the use of the H5R-specific probe. Figure 9 shows that a substantial amount of the H5R mRNAs were associated with fractions expected to contain polyribosomes. As an independent proof of polyribosomes association, cells were either treated with puromycin before lysis or the cell lysates were pretreated with EDTA before centrifugation and fractionation. Whereas the former treatment releases ribosomes from mRNAs, the latter is known to disintegrate polyribomes. As shown in Figure 9 under both conditions, the viral mRNAs could no longer be detected in the heavy sucrose fractions, indicating that these fractions represented H5R mRNAs associated with polyribosomes.
The combined data thus demonstrate that the viral mRNA structures recruit polyribosomes as well as cellular components involved in translation. They therefore strongly suggest that the sites of viral mRNA accumulation observed by immunofluorescence are not transfection artifacts or "deadend" structures but are likely active in viral early protein synthesis. Finally, the confocal images strongly suggested that the vv mRNAs were located in the center of the structures, whereas the polyribosomes (as detected by EF1␣ labeling) appear to be restricted to their periphery.
The Role of the Viral Protein p25
Having established that the sites of viral mRNA accumulation recruited cellular proteins, we next investigated whether any viral proteins were involved in the assembly of the mRNAs. To test for a potential role for newly synthesized viral proteins, a time-course experiment identical to the one in Figure 1 was repeated in the presence of cycloheximide to block viral and cellular protein synthesis. The viral mRNA sites organized in the same way as without this drug (unpublished results), indicating that newly synthesized viral (or cellular) proteins were not required for the typical organization of the viral mRNAs. We therefore tested whether viral proteins associated with the incoming cores were involved in this process. For In untreated cells, EF1␣ shows a punctate labeling in the cytoplasm as well as around the BrU-positive structures. In treated cells the EF1␣ pattern is more diffuse and does not surround the viral mRNAs. Bars, lowmagnification images, 10 m; insets, 2 m. (B) Infected or uninfected cells were transfected with BrUTP, fixed at 2 h postinfection, and labeled with anti-BrU and anti-IF4 E antibodies. In infected cells the protein colocalizes with the BrU-positive structures of viral mRNAs. In uninfected cells the anti-BrU strongly labels the nucleus, whereas the antibodies to IF4E show a faint diffuse labeling in the cytoplasm. In the merge panel, the green channel is BrU labeling, and red is the antibody to IF4E. Bars, 10 m.
A different pattern was obtained when BrUTP-transfected infected cells were double-labeled with antibodies to p25 (L4R) and to BrU. A time course conducted as in Figure 1 but now double-labeled with anti-BrU and antip25 revealed that p25 was apparently able to leave the core, because at 30 min postinfection the p25 labeling displayed a diffuse cytoplasmic pattern similar to the one of BrU at this time of infection ( Figure 10A ). No such labeling for p25 was observed in act D-treated cells, suggesting that this pattern depended on active viral transcription (unpublished results). Although p25 did not localize to the typical punctate BrU structures seen at 60 min (nor at 120 min postinfection; unpublished results) postinfection, partial colocalization was observed at 30 and most convincingly at 45 min, a time when both the RNA and the protein showed a diffuse cytoplasmic pattern ( Figure 10A ).
Like the vv mRNAs, labeling for p25 appeared to be associated with MTs, confirming previous data (Ploubidou et al., 2000) . When cells were double-labeled with anti-tubulin and p25, the latter labeling appeared to follow MT tracks ( Figure 10A ). To provide independent evidence that p25 might be bound to MTs, cells were extracted with TX-100 before fixation in the presence or absence of either nocodazole or Lat A. The p25 pattern was unaffected when cells were extracted with TX-100 before fixation, indicating that the protein was bound to the cytoskeleton (unpublished results). When cells were treated with nocodazole and subsequently extracted with TX-100 before fixation, most of the p25 labeling was lost ( Figure 10B ). The amount of p25 labeling was, however, unaffected when cells were treated with Lat A ( Figure  10B ). In contrast, labeling for actin was unaffected by nocodazole treatment but was entirely lost when cells were treated with Lat A ( Figure 10B ).
These combined data suggest first, that the sites of viral mRNA accumulation must be predominantly, if not exclusively, organized by cellular proteins, a subset of the candidates being described above. Nevertheless, it seems likely that the viral protein p25 plays a role in vv mRNA targeting because is was released from the core and interacted with MTs, concomittant with the synthesis of vv RNAs. Importantly, our observations are consistent with previous results on p25. The protein has been shown to bind DNA and RNA and to be involved in the process of early transcription (Yang and Bauer, 1988; Wilcock and Smith, 1996; Bayliss and Smith, 1997) . Moreover a recent study showed this protein binds MTs both in vitro and in vivo (Ploubidou et al., 2000; see DISCUSSION) .
DISCUSSION
Ever since the realization that the process of vv early transcription can be reconstituted in a test tube, the molecular details underlying this process have been extensively studied. However, relatively little was known about the fate of vv transcripts in infected cells and in particular about their subcellular localization. The present study shows that vv early mRNAs are not diffusely localized in the cytoplasm but soon after synthesis in the viral cores they are transported from their site of transcription in an MT-dependent manner to become organized into discrete structures. That MTs were the main cytoskeletal player in vv mRNA organization was shown by several lines of evidence; first, early transcripts were bound to Figure 9 . H5R mRNAs associate with polyribosomes. Lysates of cells infected for 2 h in the presence of hydroxyurea were subjected to polyribosome gradients. Each fraction was subjected to Northern blotting with the use of a specific probe to H5R mRNA. The positions of the 40S, 60S, and 80S ribosomal subunits and the polyribosome containing fractions as well as the top (10% sucrose) and the bottom (50% sucrose) of the gradient are indicated. (A) The analysis of untreated cell lysates shows that a substantial amount of H5R mRNA associates with the heavy polyribosome-containing fractions. (B) The lysate was treated with 25 mM EDTA before centrifugation to disintegrate polyribosomes. (C) Infected cells were treated with 100 g/ml puromycin before lysis to release ribosomes from mRNAs. In both B and C H5R mRNAs can no longer be detected in the fractions expected to contain polyribosomes. The panels on the right indicate the corresponding OD254 read-out of the different fractions.
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vv-induced Host Protein Synthesis Shut-off
In nonneuronal cells mRNAs are generally assumed to be mostly bound to actin. The present study confirmed this view because ␤-actin mRNA was bound to actin and because this messenger was not significantly degraded upon MT depletion or viral infection. Furthermore, in uninfected cells (but not in infected cells) protein synthesis was not affected in the absence of MTs. One of the obvious mechanisms of viral-induced shut-off of host protein synthesis is the viral-induced release of cellular messengers from the cytoskeleton that results in inefficient translation and/or increased degradation of the cellular mRNAs. Because ␤-actin mRNA remained efficiently bound to the cytoskeleton and was not subjected to increased degradation in infected cells, these results suggest that vv host shut-off may act differently. The observed stability of ␤-actin mRNA in infected cells is consistent with at least two studies showing that cellular messenger do not undergo degradation upon vv infection (Rosemond-Hornbeak and Moss, 1975; Pedley and Cooper, 1984) . Because vv infects a variety of cultured cells and because its genome encodes for Ͼ250 proteins, its mechanism of host shut-off is likely to be complex. Indeed, among the mechanisms suggested for this process are as follows: (1) a decrease in cellular RNA synthesis (Kit and Dubbs, 1962; Becker and Joklik, 1964; Pedley and Cooper, 1984) , (2) release of cellular mRNAs from polyribosomes (Metz et al., 1975; Rosemond-Hornbeak and Moss, 1975) , (3) inhibition of the translation of host messengers by the production from vv cores of small polyadenylated RNAs (Rosemond-Hornbeak and Moss, 1975; Cacoullos and Bablanian, 1993) , and (4) the phosphorylation of ribosomal proteins (Buendia et al., 1987) . The present study did not address the question of host shut-off directly, but it is interesting to note that upon vv infection BrUTP labeling in the nucleus was significantly decreased, although not completely absent. These results suggest that although cellular transcription is mostly switched off, some RNA synthesis (e.g., of rRNA and tRNA, RNAs likely to be vital for viral functions) does seem to occur.
The current results exemplify that in HeLa cells mRNAs as well as the factors required for binding of mRNAs to the cytoskeleton can associate both with actin and MTs, as suggested by several other studies (reviewed in Oleynikov and Singer, 1998) .
Structural Dissection of the mRNAs
Our data show that vv mRNAs have an intrinsic property to organize into discrete structures that can reach a size up to 1 m. Localization studies on poly(A) mRNAs in human diploid fibroblasts showed that these RNAs assembled into much smaller and more diffusely localized structures that are mostly bound to actin (Taneja et al., 1992; Bassell et al., 1994) . Our (unpublished) observations confirm these studies, because the pattern for cellular cytoplasmic RNAs in HeLa cells (with the use of BrUTP transfection) appeared in small dots and not in the typical large granular vv-induced RNAs (unpublished results). The granular organization of the vv mRNAs shows similarities to mRNA structures in oligodendrocytes; in these cells myelin basic protein (MBP) mRNAs become organized into typical granular structures that can reach a size up to 0.8 m and that like the viral mRNAs are associated with MTs (Ainger et al., 1993; Barbarese et al., 1995) . As for MBP mRNAs in oligodendrocytes, the viral mRNAs also recruited components of the translation machinery, including EF1␣ (Barbarese et al., 1995) . Our data show, in addition that polyribosomes and EF1␣ appeared to surround the viral mRNA structures and to be excluded from the central mRNA-containing part. Consequently, components associated with the mRNA-surrounding structure, which include ribosomes, ribosome-binding proteins such as EF1␣ are the most likely candidates to mediate MT binding. Our data furthermore suggest an exclusive role for cellular proteins in the organization of the typical granular vv mRNA structures because they appeared at 60 -120 min postinfection. Cycloheximide did not affect their organization, showing that no newly synthesized viral (nor cellular) proteins are involved. Furthermore, none of the proteins of the incoming cores we tested localized to the mRNA-sites (except for the viral protein p25; see below). It is of interest to note that EF1␣, an abundant cellular protein involved in protein translation, is also able to bind actin and MTs (Durso and Cyr, 1994) and has been shown to sever MTs (Shiina et al., 1994; reviewed in Condeelis, 1995) . Whether EF1␣ mediates MT binding of the viral messengers or whether other cellular MAPs/motors are involved will require further studies. We tested for the presence of a number of obvious MT binding proteins, including CLIP-170 and Staufen, in the vv RNA structures, but none of these colocalized (unpublished results).
Why Do vv mRNAs Bind Microtubules Rather than Actin?
Although most cellular mRNAs in fibroblasts seem to prefer to bind to actin, there are a number of examples where mRNAs bind MTs. Evidence for mRNA movement along MTs comes from mRNA localization studies in neuronal cells as well as from mRNA localization and targeting during oocyte development of Drosophila (see INTRODUC-TION) . Much less evidence is available for a role of MTs in the movement of mRNAs in nonneuronal mammalian cells.
The present data suggest that in infected cells, as in vitro, mRNAs are made inside the core from which they are extruded and transported to sites away from the core. That mRNA synthesis may start inside the intracellular cores was shown by the extensive core-associated BrU labeling by EM. Additional evidence that vv early transcription in infected cells occurs inside the cores will be presented elsewhere (Mallardo et al., unpublished results) .
The recent finding that vv cores bind MTs in vitro (Ploubidou et al., 2000) is consistent with our observations showing that intracellular cores are aligned on MT tracks by IF. Because the mRNA structures also bound to MTs and because MTs appear to be required for the typical granular organization away from the intracellular core, these combined data imply that core-synthesized viral mRNA move along MTs to the site of their accumulation and subsequent translation. Our data furthermore argue for a role for the vv core-associated protein p25 (L4R) in this process. In addition to its ability to bind both DNA as well as RNA in vitro (Yang and Bauer, 1988; Bayliss and Smith, 1997 ), this protein is also able to bind MTs (Ploubidou et al., 2000) . Importantly, p25 has been implicated in the process of early transcription, because virions lacking p25 were defective in the latter process Smith, 1994, 1996) . Our data show that p25 leaves the core at the same time as the mRNAs, and after this event it then transiently colocalizes with the mRNAs before these become organized into granular structures. These data suggest that p25, by binding both to MTs and to the viral mRNAs, may play an important role in the structural organization of the viral messengers, perhaps by assisting their transport/binding along MTs. We have attempted to address some of those open questions, with the use of a recombinant virus in which the synthesis of p25 can be regulated (Wilcock and Smith, 1994) . Unfortunately the phenotype of this virus was too leaky to make any firm conclusions about the role of p25 in early transcription in vivo.
In conclusion, we would like to propose that the process of vv early transcription offers a well-defined synchronized system for a more detailed characterization of mRNA transport and anchoring on MTs in nonneuronal cells as well as the biogenesis of mRNA/protein complexes involved in translation.
